INTRODUCTION
============

Garlic has long been used as a medicinal food and recent studies have validated a variety of its biological activities, including cancer prevention, anti-thrombosis and cardioprotection [@B001]-[@B003]. In spite of these beneficial effects, consumption of raw garlic is not prevalent in many areas because of its unpleasant odor and adverse effects, such as gastrointestinal disorder and hemolytic anemia [@B004],[@B005]. Allicin and lipidsoluble sulfur compounds derived from allicin have been known to be involved in these adverse effects [@B004],[@B006]. Aged garlic extract (AGE, Kyolic) is a preparation produced by long-term extraction of fresh garlic in aqueous ethanol at room temperature [@B007]. AGE has been known to contain water-soluble allyl amino acid derivatives, stable lipid-soluble allyl sulfides, flavonoids and saponins, but not allicin anymore [@B008]. AGE has also been shown to exert various biological activities, including anti-cancer, antioxidant and immune-potentiating effects without already known adverse effects of raw garlic [@B007]-[@B010].

Recently, another garlic preparation, called aged black garlic (ABG), was marketed [@B011],[@B012]. ABG is produced by ageing whole garlic at high temperature and high humidity [@B013],[@B014]. It has been reported that unstable compounds of raw garlic are converted into stable compounds, such as Sallylcysteine (SAC), after this processing. ABG was shown to have stronger antioxidant activity than raw garlic both *in vitro* and *in vivo* [@B011],[@B015]. It was also reported that ABG is beneficial for prevention of cancer and diabetes [@B011],[@B016],[@B017]. Moreover, ABG was reported to have a protective effect against chronic alcohol-induced liver injury in rats [@B012].

Based on these reports, we hypothesized that ABG might also have protective effects against liver injuries induced by various insults. In the present study, we examined the effects of ABG on carbon tetrachloride (CCl~4~)- or D-galactosamine-induced liver damage. We also investigated the protective effect of ABG on high-fat diet (HFD)-induced hepatic steatosis and subsequent liver injury.

MATERIALS AND METHODS
=====================

***Reagents and animals.*** All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted. Seven weeks old male SD (Sprague Dawley) rats and C57BL/6 mice were purchased from Koatech (Pyungtaek, Gyeonggi, Korea) and Biomedical Mouse Resource Center in KRIBB (Cheongwon, Chungbuk, Korea), respectively, and cared for as described previously [@B018]. Animals were allowed to acclimate to the local environment for at least 1 week before use. All animal experiments were conducted using protocols approved by Institutional Animal Care and Use Committee at Korea Research Institute of Bioscience and Biotechnology.

***ABG preparation.*** The raw material of garlic was cultivated in Namhae, Gyeongnam, Republic of Korea. The raw garlic was extracted using water at 95 ± 2℃ for 12 hr, which was filtrated three times and then vacuum evaporated at 55℃\~58℃ to get 60 brix. The residue was homogenized and sterilized to yield ABG used in this study. ABG used in this study contained \~61.9% of solid materials.

***CCl~4~- or D-galactosamine-induced liver injury model.*** SD rats were pretreated orally with vehicle (saline) or indicated concentrations of ABG (100 or 200 mg/kg) once a day for 7 days. SD rats were fasted for 16 hr and CCl~4~ (20% in olive oil, 2 ml/kg) or D-galactosamine (in saline, 400 mg/kg) was administrated orally to induce liver injury. After 48 hr, SD rats were sacrificed, blood was collected from the posterior vena cava, plasma was prepared and stored at --70℃ for biochemical analysis. Liver was also removed, weighed and fixed in formalin and liquid nitrogen for histopathology.

***High-fat diet-induced liver steatosis and injury model.*** C57BL/6 mice were used for HFD-induced liver steatosis and injury model. The control mice were fed with a control diet (CD, D12450B, Research Diets, Inc., New Brunswick, NJ, USA) and the other mice were fed with a high-fat diet (HFD, D12492, Research Diets, Inc.) for 4 weeks before sample treatment. Vehicle or indicated concentrations of ABG (100, 200 or 400 mg/kg) were give five days a week for 4 weeks. The body weight was recorded once a week. At the end of experiment, blood was collected from the posterior vena cava and plasma was prepared for biochemical analysis. Liver, subcutaneous fat, epididymal fat and mesenteric fat were removed surgically, weighed and stored in formalin and liquid nitrogen for further analysis. Frozen liver was homogenized and liver TG was measured using Triglyceride Quantitation Kit (BioVision Inc., San Francisco, USA) according to manufacturer's instructions.

###### 

Effect of ABG on liver weight and markers for liver damage in carbon tetrachloride-induced liver injury model

  ------------------ ----------------- ------------------- ------------------------- --------------------------
                     Untreated         CCl~4~ + vehicle    CCl~4~ + ABG (100mg/kg)   CCl~4~ + ABG (200 mg/kg)
                                                                                     
  Liver weight (g)   8.0 ± 0.7\*       10.0 ± 1.0          9.6 ± 1.1                 9.3 ± 0.7
  AST (IU/L)         278.2 ± 543.5\*   8,530.0 ± 3,239.0   6,296.0 ± 2,184.2         5,904.0 ± 1,681.8\*
  ALT (IU/L)         93.4 ± 157.7\*    3,288.0 ± 1,093.2   2,500.0 ± 1,095.0         2,128.0 ± 896.3\*
  ALP (IU/L)         524.6 ± 115.5\*   1,910.3 ± 295.4     1,733.0 ± 321.2           1,615.5 ± 259.3
  ALB (g/dl)         2.3 ± 0.1         2.3 ± 0.1           2.3 ± 0.2                 2.2 ± 0.1
  ------------------ ----------------- ------------------- ------------------------- --------------------------

Each row shows the mean ± S.D. of ten determinations. Statistical significant was analyzed by one-way ANOVA and Dunnett's t-test (\* p \< 0.05 vs. vehicle).

***Biochemical analysis.*** The levels of aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), albumin (ALB), total cholesterol (TC), lowdensity lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) or triglycerides (TG) in plasma were measured using a chemistry analyzer (AU400, Olympus, Tokyo, Japan) according to manufacturer's instructions.

***Histopathology.*** Fixed livers were embedded in paraffin and thin sections were made. The sections were stained with hematoxylin and eosin and the slides were photographed. For detection of lipid deposition, liver sections were prepared from frozen liver and stained with Oil Red O as described previously [@B019].

***Statistical analysis.*** Results are expressed as mean ± S.D. Two-way ANOVA and Bonferroni's multiple comparison test were used for body weight and One-way ANOVA and Dunnett's t-test were used for another results for statistical analysis using GraphPad Prism (GraphPad Software; La Jolla, CA, USA). The criterion for statistical significance was set at *p* \< 0.05.

RESULTS
=======

***Hepatoprotective effect of ABG on CCl~4~-induced hepatic injury.*** To investigate the hepatoprotective effect of ABG, we examined the effect of ABG on CCl~4~-induced liver damage in SD rats. As shown in [Table 1](#T0001){ref-type="table"}, liver weight was increased significantly by CCl~4~ administration, which is in consistent with previous reports [@B020],[@B021]. However, treatment of rats with ABG inhibited CCl~4~-induced increase in liver weight in a concentration-dependent manner, although the effect was not statistically significant ([Table 1](#T0001){ref-type="table"}). The level of AST and ALT, which are known as a marker of hepatocellular damage, was also elevated significantly by CCl~4~ treatment, and this was dose-dependently suppressed by ABG treatment ([Table 1](#T0001){ref-type="table"}). In addition, the hepatobiliary damage, which is manifested by plasma ALP level, was increased significantly, and concentration-dependent, but statistically insignificant, inhibition of CCl~4~-induced increase in ALP by ABG was observed ([Table 1](#T0001){ref-type="table"}). Plasma ALB level was not changed in all groups examined in this experiment ([Table 1](#T0001){ref-type="table"}). Histopathological analysis demonstrated that CCl~4~ induced alterations in hepatocyte morphology and infiltration of immune cells, but not severe necrotic cell death in our experimental condition ([Fig. 1](#F0001){ref-type="fig"}). However, the changed induced by CCl~4~ treatment were suppressed by ABG treatment ([Fig. 1](#F0001){ref-type="fig"}).

![Histopathological analysis of liver. SD rats were pre-treated with vehicle or ABG (200mg/kg) and CCl~4~ (20% in olive oil, 2ml/kg) was administrated orally to induce liver injury. After 48 hr, livers were removed and fixed in formalin. Liver sections were prepared and analyzed by hematoxylin and eosin staining (magnification ×100).](toxicr-30-49-g001){#F0001}

###### 

Effect of ABG on liver weight and markers for liver damage in D-galactosamine-induced liver injury model

  ------------------ ----------------- --------------------------- ----------------------------------- -----------------------------------
                     Untreated         D-galactosamine + vehicle   D-galactosamine + ABG (100 mg/kg)   D-galactosamine + ABG (200 mg/kg)
                                                                                                       
  Liver weight (g)   7.6 ± 0.8\*       8.6 ± 1.1                   8.2 ± 0.8                           8.2 ± 0.5
  AST (IU/L)         128.2 ± 22.3\*    1,311.6 ± 582.7             951.9 ± 441.0                       737.0 ± 205.6\*
  ALT (IU/L)         44.1 ± 4.6\*      714.1 ± 427.3               520.0 ± 339.1                       277.0 ± 109.5\*
  ALP (IU/L)         538.8 ± 138.3\*   821.8 ± 70.3                854.4 ± 106.6                       796.1 ± 98.4
  ALB (g/dl)         2.5 ± 0.1         2.4 ± 0.1                   2.4 ± 0.1                           2.5 ± 0.1
  ------------------ ----------------- --------------------------- ----------------------------------- -----------------------------------

Each row shows the mean ± S.D. (n = 10). Statistical significant was analyzed by one-way ANOVA and Dunnett's t-test (\* p \< 0.05 vs. vehicle).

![Histopathological analysis of liver. SD rats were pre-treated with vehicle or ABG (200 mg/kg) and D-galactosamine (400 mg/kg) was administrated orally to induce liver injury. After 48 hr, livers were removed and fixed in formalin. Liver sections were prepared and analyzed by hematoxylin and eosin staining (magnification ×100).](toxicr-30-49-g002){#F0002}

***Hepatoprotective effect of ABG on D-galactosamineinduced hepatic injury.*** To further investigate the protective effect of ABG against hepatotoxicant-induced liver damage, we examined the effect of ABG on D-galactosamineinduced liver damage in SD rats. In consistent with the results of CCl~4~-induced liver damage model, the administration of D-galactosamine caused significant increase in liver weight in SD rats. However, ABG had no effect on Dgalactosamine-induced increase in liver weight in SD rats ([Table 2](#T0002){ref-type="table"}). Plasma level of AST, ALT and ALP was also increased significantly by D-galactosamine treatment, but only AST and ALT were suppressed by ABG treatment ([Table 2](#T0002){ref-type="table"}). The level of plasma ALB was neither affected by D-galactosamine treatment nor ABG treatment ([Table 2](#T0002){ref-type="table"}). In addition, [Fig. 2](#F0002){ref-type="fig"} also shows that D-galactosamine treatment induced immune cell infiltration, but this was reversed by ABG treatment.

***ABG protects liver injury induced by hepatic steatosis in HFD-induced obesity model.*** We also investigated the effect of ABG on obesity-related hepatic steatosis and subsequent liver damage in HFD-induced obesity model. As shown in [Table 3](#T0003){ref-type="table"}, HFD-induced increase in body weight was significantly affected by ABG treatment. However, the weight of adipose tissues, including subcutaneous fat, epididymal fat and mesenteric fat, were significantly reduced by ABG treatment in a concentration-dependent manner ([Table 3](#T0003){ref-type="table"}). Moreover, [Table 3](#T0003){ref-type="table"} shows that HFD-induced plasma levels of TC and HDL-C were not changed by ABG treatment, whereas the level of LDL-C were not significantly affected by both HFD consumption and ABG treatment in our model. Plasma TG was slightly induced by HFD and this was suppressed by ABG treatment although the levels of TG between groups are not statistically different.

###### 

Effect of ABG on body weight, adipose tissue weight and plasma lipid profile in HFD-induced obesity model

  ----------------------- ---------------- ---------------- ----------------------- -----------------------
                          CD               HFD + vehicle    HFD + ABG (100 mg/kg)   HFD + ABG (200 mg/kg)
                                                                                    
  Body weight (g)                                                                   
     Initial              26.5 ± 1.4\*     35.1 ± 2.5       34.1 ± 2.5              33.8 ± 2.1
     Final                26.9 ± 1.1\*     39.3 ± 2.6       36.6 ± 2.5              36.8 ± 3.0
  Adipose tissue (mg)                                                               
     Subcutaneous         357.3 ± 66.3\*   2063.6 ± 253.6   1602.5 ± 324.9\*        1569.7 ± 373.0\*
     Epididymal           428.3 ± 56.2\*   2347.1 ± 337.3   2054.3 ± 345.7          1896.3 ± 443.2\*
     Mesenteric           96.4 ± 18.7\*    938.7 ± 98.8     848.6 ± 124.2           733.2 ± 134.3\*
  Lipid profile (mg/dl)                                                             
     TC                   136.5 ± 9.5\*    199.5 ± 10.3     201.6 ± 15.6            194.4 ± 9.5
     HDL-C                75.1 ± 5.5\*     98.1 ± 4.4       101.5 ± 3.4             99.3 ± 5.8
     LDL-C                6.6 ± 1.1        6.1 ± 1.1        7.5 ± 1.9               7.5 ± 1.5
     TG                   71.5 ± 8.8       80.1 ± 23.3      62.1 ± 20.3             66.3 ± 23.4
  ----------------------- ---------------- ---------------- ----------------------- -----------------------

Each row shows the mean ± S.D. (n = 8). Statistical significant was analyzed by one-way ANOVA and Dunnett's t-test (\* p \< 0.05 vs. vehicle).

###### 

Effect of ABG on liver weight, liver TG and markers for liver damage in HFD-induced obesity model

  -------------------------- ---------------- --------------- ----------------------- -----------------------
                             CD               HFD + vehicle   HFD + ABG (100 mg/kg)   HFD + ABG (200 mg/kg)
                                                                                      
  Liver weight (g)           1.1 ± 0.1\*      1.4 ± 0.2       1.3 ± 0.2               1.2 ± 0.1\*
  Liver TG (mmole/g liver)   21.3 ± 13.2\*    64.7 ± 14.9     51.4 ± 17.8             40.6 ± 13.1
  AST (IU/L)                 42.4 ± 2.3\*     63.1 ± 3.6      55.6 ± 3.1\*            55.3 ± 4.9\*
  ALT (IU/L)                 14.5 ± 1.4\*     35.5 ± 4.3      28.1 ± 4.1\*            28.5 ± 3.2\*
  ALP (IU/L)                 274.9 ± 22.1\*   190.9 ± 19.5    182.5 ± 15.1            176.3 ± 22.9
  ALB (g/dl)                 1.9 ± 0.1        1.9 ± 0.1       1.9 ± 0.0               1.9 ± 0.1
  -------------------------- ---------------- --------------- ----------------------- -----------------------

Each row shows the mean ± S.D. (n = 8). Statistical significant was analyzed by one-way ANOVA and Dunnett's t-test (\* p \< 0.05).

![Histopathological analysis of liver. C57BL/6 mice were treated with vehicle or 200 mg/kg of ABG by oral administration. On day 28, livers were removed and fixed in liquid nitrogen. Liver sections were prepared from frozen liver and stained with Oil-Red O (magnification ×100).](toxicr-30-49-g003){#F0003}

Further analysis demonstrated that HFD-induced increase in liver weight was significantly inhibited by treatment with ABG. In contrast, liver TG was increased by HFD consumption, but this was not significantly suppressed by ABG treatment ([Table 4](#T0004){ref-type="table"}). The markers of hepatocellular damage, including AST and ALT, were up-regulated by HFD, and ABG treatment significantly suppressed the plasma levels of these markers. However, ALP was decreased by HFD consumption and HFD-induced change in ALP level was not affected by ABG treatment ([Table 4](#T0004){ref-type="table"}). The level of plasma ALB was not changed in all groups examined in this experiment ([Table 4](#T0004){ref-type="table"}). Oil-Red O staining revealed that high-fat diet feeding induced fatty liver ([Fig. 3](#F0003){ref-type="fig"}). However, ABG treatment markedly suppressed the accumulation of lipids in high-fat diet-fed mice ([Fig. 3](#F0003){ref-type="fig"}).

DISCUSSION
==========

We investigated the hepatoprotective effects of ABG on liver injuries induced by hepatotoxicants, including CCl~4~ and D-galactosamine, and HFD-induced hepatic steatosis. In this study, ABG was shown to inhibit both hepatotoxicants- and hepatic steatosis-induced liver injuries in rodents. Previously, it was reported that ABG exert a hepatoprotective effect against chronic alcohol consumption-induced liver injury in rats [@B012]. Therefore, these results suggest that ABG is a hepatoprotectant against broad spectrum of hepatic injuries.

It has been reported that acute liver injury induced by single administration of CCl~4~ involves centrizonal necrosis and steatosis [@B022]. However, chronic CCl~4~ administration induces liver fibrosis, cirrhosis and hepatocellular carcinoma [@B023]. Reactive metabolites, such as trichloromethyl radical or trichloromethyl peroxyl radical, were known to be involved in CCl~4~-induced hepatotoxicity by adduct formation, lipid peroxidation and loss of calcium homeostasis and, ultimately, cell death [@B024]. A variety of herbal extracts have been shown to exert hepatoprotective effects via their antioxidant activities [@B025]-[@B028]. D-galactosamine is also a wellknown hepatotoxic agent used in the assessment of hepatoprotective potential of herbal extracts. The hepatotoxic effect of D-galactosamine was known to be mediated by an insufficiency of UDP-glucose and UDP-galactose and the loss of intracellular calcium homeostasis, leading to cell death [@B029]. The activity of anti-oxidant enzymes were decreased after D-galactosamine treatment and the treatment of herbal extracts with anti-oxidant activities reversed anti-oxidant status and hepatic damage induced by D-galactosamine [@B030]-[@B032]. In this report, we also demonstrated that ABG, which was known to have strong antioxidant effects, protected rats from CCl~4~- and D-galactosamine-induced hepatic injury. Our results and above-mentioned previous reports strongly suggest that the treatment with anti-oxidants might be beneficial for protection from liver injuries induced by CCl~4~ and D-galactosamine.

We also assessed the hepatoprotective effect of ABG in HFD-induced obesity model. Our results demonstrated that ABG had no effect on HFD-induced body weight gain and plasma lipid profile, although plasma TG was slightly decreased by ABG treatment. However, HFD-induced increase in body fat was significantly suppressed by ABG treatment. In contrast to our results, AGE was previously shown to suppress the increase in body weight and body fat and enhance plasma lipid profile in HFD-fed rats [@B015]. In addition, Jung *et al*. [@B016] reported that the administration of yeast (*Saccharomyces cerevisiae*)-fermented black garlic extract also attenuated HFD-induced increase in body weight, body fat and plasma lipids, including TC, LDL-C, HDL-C and TG, in mice. These results suggest that the composition of ABG might be different from that of AGE or yeast-fermented black garlic extract. Our unpublished experiments, in which ABG was treated from the start of HFD feeding for 4 weeks, also support this notion by showing that HFD-mediated changes in plasma cholesterols were not affected by ABG treatment although the increases in body weight, body fat and plasma TG were significantly suppressed in HFD-fed mice. However, our results showed that the hepatoprotective effect of ABG is in consistent with the results of AGE and yeast-fermented black garlic extract, suggesting that the hepatoprotective potential against obesity-related hepatic steatosis are universal characteristics of all these garlic preparations.

Collectively, our results demonstrated that ABG exerts a hepatoprotective effects in various models of hepatic injury. Our results also suggested that ABG might have unique characteristics compared to other garlic preparations. Overall, these results suggest that ABG might be beneficial for the prophylactic and therapeutic management of liver injury.

This work was supported by a grant (No. A101836) of the Korean Health Technology R&D Project, Ministry for Health, Welfare & Family Affairs, Republic of Korea, a grant from the KRIBB Research Initiative Program and a grant from the Chungbuk Bioinfrastructure Project supporting cooperation of Industry, Research Institute and Government.
